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Abstract - An experimental program was instigated to
investigate boundaries in low-velocity slug-flow pneumatic
conveying. Two straight horizontal pipelines of L = 21 m were
set up for actual conveying trials using two different wall
materials, stainless steel and aluminium. Observations of the
pneumatic conveying tests were used in determining the location
of boundaries and verifying the theoretical predictions.
1. INTRODUCTION
Pneumatic conveying of bulk solid materials through pipelines has been in use for over one
hundred years. There are two distinctly different flow modes in pneumatic conveying, dilute-phase
and dense-phase. Dilute-phase is used widely in industry due to its simplicity in design and
operation. However, high air velocity (e.g. 20 to 40 m/s) has to be used in suspension flow, often
resulting in problems such as high power consumption, product degradation and pipeline wear.
Low-velocity slug-flow pneumatic conveying, or dense phase, has received considerable
attention over the past decade from both researchers and commercial suppliers of equipment to
overcome these problems. In slug-flow pneumatic conveying, the bulk solids are transported in
slugs and there is no relative motion between the particles within the slug. Therefore, the power
consumption, product degradation and pipeline wear are reduced dramatically [1].
To achieve a good reliable low-velocity slug-flow, the air velocity along the pipeline needs to be
controlled [2]. As conveying air is fed through the pipeline, pressure reduces and air velocity
increases towards the end of the pipeline. If the air velocity is allowed to increase to a point at
which the particles can be picked up or suspended from the stationary bed between the slugs, long
slugs are formed and/or dilute-phase conveying is achieved in the pipeline. If the air velocity is
below a certain value, the slug cannot be carried along the pipeline and the pipeline becomes
blocked. Therefore, the air velocity range required for achieving slug-flow must be determined
accurately.
This paper will present an experimental program used to determine the air velocity range (i.e. the
boundaries) in low-velocity slug-flow pneumatic conveying, where two straight pipelines with
different wall materials were set up and the white polythene pellets were used as test material. In the
pneumatic conveying tests, the flow modes were observed clearly. Based on the observation, the
boundaries in slug-flow were located. Also, the results obtained from the tests were used to verify
the theoretical prediction of boundary location.

2. TEST PROGRAM
2.1 Full-scale test rig
The full-scale test rig, see Figure 1, has an air supply entering through a bank of sonic nozzles
allowing a wide range of air mass flow rates to be achieved. A 2 m3 feed bin feeds a 250 mm
diameter drop-through rotary valve which in turn delivers the product to the conveying line. A
variable speed drive is connected to the rotary valve to allow different product mass flow rates to be
achieved. Two straight horizontal pipelines of L = 21 m are constructed of 60.3 mm ID stainless
steel pipe and 55.8 mm ID aluminium pipe, containing two sight-glasses at an interval of 12 m
along the pipeline. The sight-glasses are used for visualising the flow of particles or slugs through
the pipeline.
The particles are transported along the pipeline and into a 1 m3 receiving bin and then returned to
the feed bin via the return line. Pressure transmitters and load cells are installed throughout the test
rig to record pipeline pressures and feed rates, respectively. These readings are collected and
analysed using a data acquisition unit.
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Fig. 1: Full-scale test rig layout.
White polythene pellets were used as test material throughout this test program. The particle
characteristics are listed in Table 1.
Table 1: Physical properties of white polythene pellets.
Product
dp# (μm)
ρb (kg m-3)
φw (°)
White polythene pellets
4473
578
12*, 10+
#

Equivalent volume diameter, * Wall material: 304 stainless steel, +Wall material: aluminium

2.2 Test Observations
After running tests, the pneumatic conveying characteristics of white polythene pellets in two
test pipelines were obtained, as shown in Figures 2 and 3, respectively. In Figure 2, six points, A to
F, are marked, representing the six different flow modes shown in Figures 4-9 and described in the
following section.
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Fig. 2: Pneumatic conveying characteristics for white polythene pellets in a 60.3mm ID
horizontal stainless steel pipeline, L=21m.
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Fig. 3: Pneumatic conveying characteristics for white polythene pellets in a 55.8mm ID
horizontal aluminium pipeline, L=21m.
2.2.1 Dilute phase, Point A
In this region, the conveying air is at such a high velocity that it does not allow particles to
deposit along the bottom of the pipeline. Hence the particles being conveyed are suspended in the
air stream, see Figure 4(c). Drawbacks of conveying in this zone are; high power consumption,
pipeline wear and product degradation. Figure 4(a) shows both feeding and receiving rates,
indicating a consistent product mass flow rate. Figure 4(b) graphs the total pipeline pressure drop
present during the test and as being seen, steady state is easily achieved.
2.2.2 Dilute phase with saltation, Point B
As the air mass flow rate is reduced, the air velocity is no longer high enough to maintain full
suspension of the product and the particles start to saltate and deposit along the bottom of the
pipeline, see Figure 5(c). Particles that are stationary in the pipeline are then picked up by the

moving balls or clusters. Since there are stationary particles picked up by moving balls or clusters,
the total pipeline pressure drop is higher than that in suspension flow (i.e. at Point A), as indicated
in Figure 5(b). However, both the feed and receiving rates are still consistent, see Figure 5(a).
2.2.3 Unstable flow, Point C
Unstable flow is achieved as the air mass flow rate is reduced further and the air velocity is no
longer high enough to convey the product in dilute phase. The resulting conveying mode is a
combination of the two flow modes, see Figure 6(c). Conveying is initially dilute until product
starts depositing along the pipeline and eventually forms a long slug. Once the long slug has been
conveyed, the system reverts to dilute phase and the cycle continues. This is easily observed in
Figure 6(a) where flat sections can be seen on the receiving bin curve, indicating no product being
delivered to the receiving bin. At this time the product builds up in the pipeline and at the same time
the pressure in the pipeline increases, followed by a steep rise in the curve where a slug of product
has been conveyed to the receiving bin. Figure 6(b) clearly shows the pressure fluctuations present
in this flow mode. Sharp increase in pressure indicates the formation of a long slug while the low
pressure indicates the period where dilute phase conveying is present.
2.2.4 Unstable / low-velocity slug-flow boundary, Point D
As the air mass flow rate is reduced more, the substantial pressure fluctuations present in the
unstable flow are reduced and more regular slugs of the product begin forming. However, there are
still short periods where dilute phase conveying is present, see Figure 7(c), indicating closeness to
the boundary between the unstable flow and the slug-flow. Generally the short fast slugging is
present in this region with very little product left along the pipeline. However, the feeding and
receiving rates are quite consistent, as see in Figure 7(a). Due to the conveying being close to the
boundary, the pressure fluctuation is still noticeable but by no means as dramatic as that in the full
unstable flow, see Figure 7(b).
2.2.5 Low-velocity slug-flow, Point E
This region represents the ideal conditions for low-velocity slug-flow pneumatic conveying. The
air velocity is now reduced to a level where the product is no longer suspended in the air stream. As
the product is fed into the pipeline, it starts forming slugs naturally along the pipeline. A thin layer
of product forms a stationary bed between any two adjacent slugs. As the slugs move along the
pipeline, the particles from the stationary bed in front of the slug are picked up and the same
amount of the particles are deposited behind it, see Figure 8(c). Consistent feed and receiving rates
indicate good low-velocity slug-flow, see Figure 8(a) and the total pipeline pressure drop graphed in
Figure 6(b) shows a good steady state curve.
2.2.6 Blocking boundary, Point F
Reducing the air mass flow rate even further brings the conveying close to the blocking
boundary which is an undesirable location to convey for obvious reasons. The stationary layer
between the slugs continues to deepen as the air mass flow rate is reduced, see Figure 9(c),
effectively reducing the area in which conveying takes place. This also results in much lower
conveying rate being achieved. In the example shown in Figure 9(a), both the feed and receiving
rates are nearly non-existent. If this test were to continue, the pipeline would continue to fill. The
pressure in the pipeline as shown in Figure 9(b) would increase and the steady state would never be
achieved. Eventually the pipeline will become blocked, causing a dramatic increase in pressure and
damaging the system.
2.3 Test Results
On completion of full-scale testing, the data is analysed and the pneumatic conveying
characteristics (PCC) are plotted showing total pipeline pressure drop vs supplied air mass flow rate

with constant product mass flow rates, as shown in Figures 2 and 3. Although this paper focuses on
the dense phase region, both dilute phase and dense phase tests have been performed for
completeness. Based on observations of each test, the approximate boundaries for both dilute and
dense phase are displayed, see Figures 2 and 3.
These two sets of results were performed using a fresh batch of the same product. The only
difference was the pipeline wall material. Also there was a slight difference in the pipeline
diameter. It can clearly be seen that the pressure drops generated in the aluminium pipeline are
higher than those for the stainless steel pipeline. Due to the different pipeline wall materials and
total pipeline pressure drops, the location of boundaries for the white polythene pellets in the test
pipelines is different.
Some primary fundamental research has been conducted recently by authors to locate the
boundaries without running full-scale tests [3]. A short piece of pipeline was used, where the
incipient motion of slug and the pick-up velocity of particles from the stationary bed were simulated
and determined. Combined with the theoretical correlations [4], the pressure drop and the location
of boundaries in the stainless steel pipeline were predicted. A good agreement has been achieved, as
shown in Figure 10.
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Fig. 10: Theoretical PCC showing lower and upper boundaries as well as
full-scale experimental data for stainless steel conveying tests.
3. CONCLUSION
To reliably design a low-velocity slug-flow pneumatic conveying system, the total pipeline
pressure drop as well as the lower and upper dense-phase boundaries must be predicted accurately
for a given product.
The boundaries in low-velocity slug-flow can be located easily by using the full-scale test data. It
is clear that the pipeline wall material and diameter have great influence on the total pipeline
pressure drop and the location of the boundaries.
Primary fundamental research for locating the boundaries is very promising. If it is able to
replace the need for extensive experimental work, the time and cost taken to determine the
boundaries will be reduced dramatically. However, it is still at its early stages. Further research
work is required.
4. NOMENCLATURE
dp
mf
ms

Particle diameter
Air mass flowrate
Product mass flow rate

m
kg s-1
kg s-1

φw
ρb

Wall friction angle
Loose-poured bulk density

°
kg m-3
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